Objective. To evaluate the impact of electronic standardized chemotherapy templates on incidence and types of prescribing errors.
Introduction
Medication errors pose a significant challenge to the safety of modern health care. The frequency of medication errors among hospitalized patients can be as high as 20% and is a significant contributor to adverse drug events [1] [2] [3] [4] . Chemotherapy drugs are highly cytotoxic with complex dosing schedules and significant toxicities at recommended dosing ranges. Therefore, the potential for patient harm resulting from prescribing errors involving these agents is more significant than other drug classes.
In this work, we investigated the impact of standardized, regimen-specific, electronic chemotherapy-prescribing templates on incidence of prescribing errors in a mixed ambulatory and inpatient chemotherapy treatment setting. We hypothesized that computerization of chemotherapy prescribing reduces the risk of prescribing errors and improves chemotherapy safety.
Methods Setting
This study was conducted at Rhode Island Hospital, an urban academic multidisciplinary hospital affiliated with Warren Alpert Medical School at Brown University, and a member of the Lifespan Healthcare system located in Providence, RI, USA. The hospital is a 700-bed tertiary care institution with a pediatric division and an ambulatory comprehensive cancer center. The institution uses a closed-loop medication safety process including computerized provider order entry (CPOE), a pharmacy interface, a clinical decision support system, a bar-code point-of-care electronic nursing administration check and an automated drug-dispensing system [5] . Prior to the intervention, infusion chemotherapy orders were handwritten and transmitted to the pharmacy. Analysis of monthly prevented chemotherapy-prescribing errors over a 48 months period (1 January 2002 to 31 December 2006) revealed a positive linear trend. While these errors were corrected by pharmacists and did not impact the quality of care, an opportunity presented itself to proactively design a quality improvement (QI) program with the goal of improving patient safety by reducing the risk of prescribing errors.
Intervention
A multidisciplinary team consisting of oncology physicians, nurses, pharmacists, cancer quality and information technology specialists was assembled and tasked with the mission of developing an intervention to reduce chemotherapy-prescribing errors. Analysis of types of prescribing errors at baseline identified the need for improvement in areas of high-risk, error-prone dosing calculations, e.g. body surface area (BSA) and area under the curve (AUC), use of unapproved abbreviations and aligning chemotherapy regimens' dosing intensity and frequency with goals of therapy.
While the hospital was already using a CPOE system for medication order entry, building the necessary add-on safety functionalities for prescribing chemotherapy regimens would have been a major re-programming task. The development and implementation of online, readily accessible, regimenspecific chemotherapy order forms with the necessary safety enhancements, e.g. built-in dosing calculators was viewed as an equally efficacious, yet more cost-effective, alternate strategy to infusion chemotherapy CPOE prescribing.
The chemotherapy-prescribing forms were developed using Adobe Acrobat. Acrobat offered an accessible Javascript programming environment that allows the building of custom functions that utilize data elements entered by prescribers. This concept is leveraged in our BSA, AUC and dose reduction calculators. Evidence-based recommendations, provided by the National Comprehensive Cancer Network and the American Society of Clinical Oncology, were used to identify regimen-specific agents, dosing intensities and frequencies, recommendations for dosing adjustments for toxicities or compromised renal or hepatic functions. The content of the prescribing forms was critically reviewed by pediatric and adult oncologists, institution-wide quality committees and were endorsed by the Pharmacy and Therapeutics committee. During the implementation phase of the project, regimenspecific chemotherapy templates were deployed for clinicians' use. Concurrent with the implementation of these forms, prescriber, nurse and pharmacist education was performed. Regular reminders and announcements of newly available chemotherapy regimen forms were communicated to all stakeholders. To evaluate adherence of prescribers to the use of these new forms, data regarding form utilization were prospectively gathered and routinely evaluated. At the end of the implementation phase, a clinical practice policy prohibiting the use of handwritten orders was instituted.
Interrupted time-series analysis and segmented regression
The main outcome analyzed in this study was monthly prevented prescribing errors per 1000 dispensed chemotherapy doses. Prevented chemotherapy-prescribing errors are intercepted by oncology pharmacists and documented in an intervention database. These prevented prescribing errors are tabulated by the implicated drug component of the chemotherapy regimen, resulting in potentially more than one prescribing error for any specific chemotherapy regimen. We have . A quasi-experimental interrupted time-series analysis approach was utilized [6] . A linear regression model was fitted to describe the magnitude of change in prescribing errors in transitioning from one phase to another and the trend of errors at any specific time segment. A graphical illustration of the analysis approach is depicted in Fig. 1 . Parameters of interest included baseline error trend, immediate change in monthly errors from the last observation in the preimplementation phase to the first observation in the implementation phase, change in the slope of error trend from preimplementation to implementation, immediate change in monthly errors from the last observation in the implementation phase to the first observation in the post-implementation phase, error trend in the post-implementation phase and estimated reduction in monthly errors at 12 months into the implementation phase.
The regression model utilized was
where Y t indicates prevented prescribing errors per 1000 chemotherapy doses at month t. T is the time from baseline, D A is a dummy variable for the implementation phase (assumes a 0 during pre-implementation and post-implementation phases and 1 during the implementation phase), P A is period since first month in the implementation phase, D B is a dummy variable for the post-implementation phase (assumes a 0 during the pre-implementation and implementation phases and 1 during the post-implementation phase) and P B is period since first month in the postimplementation phase.
Descriptive analysis of prescribing errors
The pharmacist chemotherapy intervention database was queried to isolate intercepted prescribing errors during the study phases. Prescribing errors are identified as unintentional significant reduction in the probability of treatment being timely and effective or an increase in the risk of harm when compared with generally accepted practices [7, 8] . We have classified prescribing errors into three main categories. The first category included errors related to transcription/communication, incomplete prescriptions or a wrong drug selection. Errors in this category comprised errors of lack of clarity in drug's name or route of administration, incomplete dosing/ frequency information, incomplete/inaccurate patient's clinical data, e.g. serum creatinine, platelet count and absolute neutrophil count among others. The second category included errors of drug dose calculation related to performing complex calculations, e.g. BSA or AUC calculations or failure to perform required dosing adjustments. Dosing errors were classified as overdoses or underdoses. The magnitude of drug overdose or underdose was calculated using the equation: percentage drug over-or underdose = ( prescribed dose-correct dose)/correct dose × 100. The third category included errors of chemotherapy regimen frequency, duration of treatment, inappropriate drug/dosing intensity combination based on treatment goals.
Assessment of the severity of prevented overdose calculation errors was performed by a board-certified oncologist using an abbreviated version of the Medication Error Index scheme [9, 10] . Categories included no consequence for the patient (an error that would not cause patient harm), temporary damage (an error that could have contributed to temporary harm to the patient, requiring intervention, e.g. neutropenia), permanent damage (an error that could have contributed to permanent harm, e.g. irreversible nephropathy or neuropathy) and a significant possibility of a medical intervention required to sustain life (e.g. admission to intensive care unit due to a neutropenic sepsis).
Statistical analyses
Parameter estimates of the regression model are reported along with the 95% CIs (CI). Where appropriate, values are reported with their 95% CI. Risks of specific types of prescribing errors in the three segments are reported. Reduction in risk of specific error types is expressed as relative risk (RR) and reported with 95% CI. The α level is set at 0.05. All statistical analyses were performed using SPSS Statistics Software, version 17.
Results

Development of chemotherapy-prescribing forms
A representative example of a standardized chemotherapyprescribing template, depicting carboplatin-paclitaxel regimen for non-small cell lung cancer, is presented in Fig. 2 . Section A contains entry fields for patients' demographic identifiers and biological data, e.g. height in inches or centimeters and weight in pounds or kilograms. Entry of height and weight data allows the calculation and display of BSA on the form. Additionally, section A contains entry field for physiciandesignated cutoff values for total bilirubin, serum creatinine, absolute neutrophil and platelet counts values to proceed with treatment. Section B of the form contains information regarding standardized pre-hydration and anti-emetic/premedication regimens. Section C contains the dosing guidelines of the drug components in the regimen. Selection of dosing level of paclitaxel and carboplatin allows the automatic calculation of drug dose and appropriate volume of diluents. Dosing adjustment calculators are also provided and allow the prescriber to indicate the clinical rationale for dosing reduction. Section D contains the frequency information and the total number of cycles along with selecting the intent of therapy (curative vs. palliative; adjuvant vs. neoadjuvant).
During the first 4 months of the implementation phase, a total of 33 regimens were developed and implemented. These included regimens, e.g. AC, CE, modified FOLOX and carboplatin-paclitaxel that are widely used in treatment of the most prevalent types of cancer. More than 100 regimen-specific prescribing forms were developed and implemented over a 32 months period. During the implementation phase, chemotherapy regimens that were not developed as an electronic regimen-specific prescribing form were prescribed using handwritten forms. Over the course of the implementation phase, the number of handwritten orders gradually declined but was not completely eliminated. Given the high number of chemotherapy regimens, used in routine clinical setting and in Figure 1 Graphical illustration of interrupted time-series analysis assessing the impact of electronic chemotherapy templates on prescribing errors. Parameters of interest include a baseline error trend, b immediate change in monthly errors from the last observation in the pre-implementation phase to the first observation in the implementation phase, c change in the slope of error trend from pre-implementation to implementation, d immediate change in monthly errors from the last observation in the implementation phase to the first observation in the post-implementation phase, e error trend in the post-implementation phase and f estimated reduction of monthly errors at 12 months into the implementation phase. investigational studies, coupled with the need to prescribe single chemotherapy doses apart from established protocols, handwritten orders were still in use. To completely eliminate handwritten orders, we have used Adobe Acrobat to build blank-prescribing forms that contain BSA and AUC calculators and allow the prescriber to electronically type in the drug name, dose, route of administration and frequency. This effort was accompanied by a change in clinical practice policy prohibiting the use of handwritten orders. Assessment of the monthly chemotherapy prescriptions received by the pharmacy department during the post-implementation phase revealed that prescribers utilized the regimen-specific chemotherapy forms for 76% of the total prescriptions received by the department and used the electronically fillable generic form for 24% of the prescriptions.
Trend of prescribing errors during pre-implementation, implementation and post-implementation phases
Trend of prevented prescribing errors in the preimplementation, implementation and post-implementation phases is presented in Fig. 3 . The linear regression model had a Durbin-Watson statistic of 1.96, indicating the lack of autocorrelation in the data set. We have further examined the potential for collinearity in our model using tolerance and variance inflation factor values. These values were found to be within acceptable ranges. Table 1 summarizes the parameter estimates from the segmented regression model. The r value for the regression model was 0.704 and the adjusted r 2 value was 0.466. The baseline error rate was estimated to be 16.7 monthly errors per 1000 chemotherapy doses. The error rate in the baseline segment was stable with no observable trend. With the start of the implementation phase, an immediate reduction of 5.104 errors per 1000 chemotherapy doses, corresponding to ∼30% reduction in the prescribing error rate, was observed. In addition to the immediate reduction in monthly prescribing errors, a significant change in the slope of error trend was observed. There was a significant reduction in monthly error rate in transitioning from the implementation phase to the post-implementation phase. Finally, there was no change in the slope of trend of prescribing errors when transitioning from the implementation phase to the postimplementation phase. The predicted monthly error rate, in the absence of implementing the intervention, was hypothesized to remain stable at 16.7 errors per 1000 chemotherapy doses; 95% CI (13.13-20.33 ). The predicted error rate at 12 months into the implementation phase was 10.35 errors per 1000 chemotherapy doses, 95% CI (8.46-12.24) . This reflects an estimated 38% reduction in prevented monthly errors. The predicted error rate at the first month in the post-implementation phase was 9.17 errors per 1000 chemotherapy doses, 95% CI (5.63-12.71), corresponding to an estimated 45% reduction in monthly errors.
Analysis of prescribing errors during pre-implementation, implementation and post-implementation phases Table 2 describes the breakdown of prevented prescribing errors in the three study phases. During the pre-implementation phase, there were 507 errors, corresponding to 17.8 errors per 1000 chemotherapy doses. In the implementation phase, there were 345 prevented errors corresponding to 9.1 errors per 1000 chemotherapy doses. In the post-implementation phase, there were 340 prevented errors corresponding to 7.9 errors per 1000 chemotherapy doses. The estimated RR of transcription errors in the post-implementation phase compared with the preimplementation phase was 0.74 and a 95% CI (0.59-0.92; P < 0.01). Similarly, the estimated RR of dosing calculation errors in the post-implementation phase compared with the preimplementation phase was 0.06 and a 95% CI (0.03-0.10; P < 0.001). Additionally, the estimated RR of chemotherapy frequency/duration errors was 0.51 and a 95% CI (0.42-0.62; P < 0.001).
During the pre-implementation phase, ∼12% of all prescribing errors were linked to carboplatin and 8% of all prescribing errors were linked to methotrexate. During the postimplementation phase, carboplatin accounted for 5% of all prescribing errors and methotrexate accounted for 6.9% of all prescribing errors. Drug-specific categorization of overdoses and underdoses is presented in the Supplementary data, Appendix A. In the pre-implementation phase, the number of drug overdose errors of 50% or more was 15 accounting for 11% of all dose calculation errors. In the post-implementation phase, the number of drug overdose errors of 50% or more was 1 accounting for 8.3% of all dose calculation errors. There were 24 overdose errors linked to carboplatin in the preimplementation period compared with 7 errors during the implementation phase and five errors in the post-implementation period. Table 3 summarizes the physician-based assessment of severity of prevented overdose calculation errors. In the preimplementation phase, 59% of overdose errors could have contributed to patient harm ranging from temporary harm (38%) to a medical intervention to sustain life (15%). In the Figure 3 Changes in monthly prevented prescribing errors per 1000 chemotherapy doses during the baseline (preimplementation) phase (30 months), implementation phase (32 months) and post-implementation phase (28 months). implementation phase, 55% of overdose errors could have contributed to patient harm ranging from temporary harm (42%) to a medical intervention to sustain life (10%). In the post-implementation phase, 33% of errors could have contributed to patient harm. No errors that could have required a medical intervention to sustain life were documented during the post-implementation phase.
Discussion
Prescribing errors in oncology practice remains a significant problem that leads to patient harm despite decades of increased awareness of chemotherapy agents' toxicities and implementation of rigorous safety standards [11] [12] [13] [14] [15] [16] [17] [18] [19] are the most common types of errors encountered in chemotherapy prescribing [10, 20] . At our institution, errors related to chemotherapy frequency, treatment duration and dose calculation collectively accounted for 72% of prevented prescribing errors with errors involving carboplatin and methotrexate accounting for ∼20% of all prevented errors. The significant contribution of carboplatin to the overall chemotherapy prescribing errors has also been reported by Ranchon et al. [21] who found that protocols involving carboplatin are more than twice likely to involve prescribing errors compared with protocols that do not contain carboplatin. A QI intervention that was shown to reduce prescribing errors across multiple settings and for different drug classes is the implementation of CPOE systems [22, 23] . CPOE implementation reduced the risk of prescribing errors of oral chemotherapy agents [24] , pediatric [25, 26] and adult infusion chemotherapy [27, 28] . With the use of chemotherapy CPOE in these settings, as high as 70% reduction in prescribing errors was observed with elimination of certain types of dosing errors calculations. Our standardized regimen-specific chemotherapy prescribing templates contained the same safety functionalities that a fully integrated CPOE system would contain, but with the added benefit of a more cost-effective and flexible approach [29] . With using the standardized chemotherapy templates, we observed an ∼50% reduction in the annual incidence of prescribing errors per 1000 chemotherapy doses.
We have utilized interrupted time series and segmented regression to analyze the impact of our QI intervention on chemotherapy-prescribing errors. Interrupted time series is a robust quasi-experimental approach that uses the baseline trend of the outcome of interest as the control group. Interrupted time-series analysis is uniquely suited to analyze the impact of QI initiatives where the design of an experimental study is not feasible. Interrupted time series has been successfully utilized to analyze the impact of various QI programs [30] [31] [32] . Using this approach, we have demonstrated that the reduction in prescribing errors with the implementation of the electronic chemotherapy templates was immediate and that the reduction persisted throughout the implementation and postimplementation phases. The greatest impact with implementing computerized chemotherapy regimens was in reducing dosing calculation errors. The risk of dosing errors was reduced by 94% as a result of the intervention. The number of prevented serious overdose errors, identified as dosing errors that would have resulted in >50% increase in the chemotherapy dose, was also reduced as a result of the intervention. Additionally, the severity of prevented dosing calculation errors was reduced as a result of our intervention. Prescribing errors that would have resulted in permanent damage or a medical intervention to sustain life were eliminated in the postimplementation period. Specifically, the intervention was successful in eliminating dosing error calculation for carboplatin. The five errors related to carboplatin in the postimplementation phase were due to the value of patients' serum creatinine not reflective of the most recent reading. We have also observed a significant reduction in errors of communication, transcription and errors of chemotherapy regimen frequency and duration. However, the magnitude of this reduction was lower compared with the effect on dosing calculation errors with estimated 26% reduction in transcription/ communication errors and 49% reduction in chemotherapy frequency/treatment duration errors. The residual transcription/communication errors in the post-implementation phase resulted from prescribers reporting inaccurate or outdated clinical laboratory data. The residual chemotherapy regimen frequency and duration errors in the post-implementation phase were linked to patients where the regimen's dosing frequency or duration of treatment not supported by evidence-based guidelines.
In conclusion, we herein describe our institution's experience in developing computerized chemotherapy regimens and report the impact of this QI strategy on prevented prescribing errors. The development of electronic chemotherapy prescribing templates eliminated dosing calculation errors and improved chemotherapy safety. Our intervention is robust, cost-effective and can be adapted to healthcare institutions of various sizes.
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